A series of Mn-Fe binary oxides with different Mn/Fe mole ratios were prepared by a co-precipitation method for the development of a high performance arsenic adsorbent from arsenic-contaminated drinking water. The Mn-Fe binary oxides and their arsenic adsorption reactions were characterized by Xray powder diffraction, Fourier transform infrared spectroscopy, scanning electron microscopy, N 2 adsorption and inductively coupled plasma mass spectrometry. The As(III) and As(V) adsorption results reveal that the arsenic adsorption ability is strongly dependent on the Mn/Fe mole ratio and surface area of the adsorbent. The MF4/6-10(H 2 O 2 ) sample which was prepared by alkaline solution containing H 2 O 2 shows the excellent arsenic removal of 99.9%, reducing As(III) concentration from 2 mg g À1 to 2 mg L
Introduction
Common arsenic species in the environment include arsenate (As(V)), arsenite (As(III)), dimethylarsenic acid and monomethylarsenic acid. In natural water, arsenic presents primarily in inorganic forms which are more toxic than the organic forms. [1] [2] [3] Arsenic contamination in ground water is creating serious environmental problems. As(III), which is more toxic than As(V), is the dominant arsenic in ground water. [4] [5] [6] Long-term uptake of arsenic-contaminated drinking water has negative impacts on human health. 7, 8 About 125 million people in Bangladesh have been estimated to be adversely affected by arseniccontaminated drinking water. 9 In order to minimize these health risks, the WHO and the U.S. Environmental protection agency has revised the maximum contaminant level of arsenic in drinking water from 50 mg L À1 down to 10 mg L
À1
, and this new limit of 10 mg L À1 has become effective since January 2006.
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Many methods such as coagulation/precipitation, ion exchange, membrane ltration, adsorption, reverse osmosis and electrocoagulation process had been used for arsenic removal. [11] [12] [13] [14] [15] [16] [17] In these methods, arsenic adsorption removal is considered to be one of the most promising technologies because it is effective in the removal of low-concentration arsenic from liquids. [16] [17] [18] [19] [20] [21] Up to now, several adsorbents have been reported by some studies, and the results suggest that amorphous hydrous ferric oxide, poorly crystalline hydrous ferric oxide and goethite have high arsenic adsorption ability. 16, 22 Gu et al. have prepared granular activated carbonbased iron-containing adsorbents in which the impregnated hydrous ferric oxide is amorphous form which could remove arsenic most efficiently. 23 Jang et al. have used hydrous ferric oxide incorporated into diatomite adsorbent for arsenic column application. The adsorbent shows higher arsenic adsorption ability and adsorption capacity compared to AAFS-50 adsorbent (activated alumina that is used as arsenic removal adsorbent in Bangladesh). 24, 25 Oscarson et al. prepared Fe 2 O 3 -coated MnO 2 adsorbent to reduce As(III) concentration by oxidizing it to As(V) under adsorption conditions. MnO 2 (birnessite) is a very effective oxidant and it can oxidize the As(III) to As(V), while Fe 2 O 3 cannot convert As(III) to As(V) within 72 h. 26 Above studies demonstrated that the iron oxide or/and manganese oxide have a strong affinity for arsenic adsorption. Recently, a series of FeMn binary oxide with different Mn/Fe ratio were synthesized by co-precipitation method using potassium permanganate, iron sulfate heptahydrate and NaOH at pH of 7 and 8. As(III) oxidation and sorption are affected by Mn/Fe ratio of the binary oxide. The adsorbents with Mn/Fe ratio of 1 : 3 and 1 : 6 show maximum As(III) and As(V) uptake of 114 mg g À1 and 60 mg g À1 , respectively. 27 However, until now the optimum conditions for the preparation of Mn-Fe binary oxide adsorbents are unclear.
Herein, we report the preparation condition of a high performance Mn-Fe binary oxide adsorbent, and the inuence of preparation conditions on its arsenic removal ability, including alkaline component and pH of reaction solutions, Mn/Fe mole ratio and calcination treatment conditions. Aer the optimization of preparation conditions, the As(III) concentration in drinking water can be reduced from 2 mg L À1 to 2 mg L À1 using this adsorbent.
Experimental
Preparation of adsorbents Low-crystalline akaganeite (b-FeOOH), high crystalline akaganeite, and schwertmannite were prepared for the comparison of their arsenic adsorption abilities. Low-crystalline akaganeite was obtained by the hydrolysis of FeCl 3 at pH ¼ 10 and highcrystalline akaganeite by the hydrothermal treatment of ureacontaining FeCl 3 solution at 100 C. 28, 29 Schwertmannite was prepared by hydrolysis of FeCl 3 in a solution containing Na 2 SO 4 at 60 C.
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Adsorption experiments
Adsorption experiments were performed by a batch method. All chemicals were of analytical grade and were purchased from Kanto Chemical Co., Inc. (Osaka, Japan). The As(III) and As(V) solutions were prepared by diluting arsenic standard solutions of 100 mg L À1 As(III) (As 2 O 3 in 0.005% HCl solution) and 1000 mg L À1 As(V) (As 2 O 5 in 0.0005% HCl solution) with ultrapure water, respectively. The arsenic adsorption from a diluted solution was carried out by adding the adsorbent (25 mg) into the As(III) or As(V) solution (100 mL) and stirring for 22 h at room temperature. Aer the arsenic adsorption, the arsenic concentration of the supernatant solution was analyzed using a Seiko inductively coupled plasma mass spectrometer (ICP-MS SPQ9000) in [As] < 2 mg L À1 concentration range, or a Seiko inductively coupled plasma atomic emission spectrometer (ICP-AES SPQ7800) in [As] S 2 mg L À1 concentration range.
Adsorption isotherm was obtained by using solutions containing 10-20 mg L À1 As(III) or As(V).
Characterization of adsorbent
The crystal phase of the adsorbent was characterized using a powder X-ray diffractometer (XRD) (Rigaku type RINT2100) with CuKa (l ¼ 0.15418 nm) radiation. BET surface area was calculated from a nitrogen adsorption isotherm (obtained on a Quantachrome-type 1-C apparatus) for adsorbent degassed at 120 C for 2 h. The particle size and morphology of the adsorbent were observed using eld-emission scanning electron microscopy (FE-SEM) (JEOL, JSM-6700FZ). The active oxygen content can be calculated by eqn (1)
where
volume of Na 2 C 2 O 4 or KMnO 4 (mL), W: weight of adsorbent (g). The mean valence of Mn was calculated using the active oxygen content and Mn content.
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Result and discussions
Synthesis and characterization of Mn-Fe binary oxide adsorbent
Since Mn(II) ions precipitate effectively in a highly alkaline condition in the absence of oxidizing agent, we precipitated the binary oxides at pH 12, changing the starting Mn/Fe mole ratio (10/0, 8/2, 6/4, 4/6, 2/8 and 0/10). The synthesis conditions and composition analysis results of the adsorbents are shown in Table 1 aggregates of particles with a size about 50 nm. It contains a small amount of brous particles. Sample MF0/10-12 with aFeOOH phase consists of aggregates of rod-like particles. MF4/ 6-12 consists of particles with irregular shape and size, though most of the particles are not clearly observed due to its amorphous nature.
As(III) adsorption on Mn-Fe binary oxide adsorbents
A preliminary study of As(III) adsorption from a solution containing As(III) (20 mg L À1 ) showed that the adsorption was fast enough to reach adsorption equilibrium by treatment for only 4 h. The As(III) removals by the adsorbents from a diluted solution containing 2 mg L À1 As(III) are shown in 2 O, JCPDF 47-1775) were prepared. The As(III) removals increased in the order schwertmannite (78.9%) < high crystalline b-FeOOH (90.2%) < low crystalline b-FeOOH (97.5%), which is in agreement with the results in the literature that low-crystalline bFeOOH shows the highest arsenic removal. 32 The MF6/4-12, MF4/6-12 and MF2/8-12 samples show the excellent As(III) removals of 99.9% when compared with the conventional iron oxides adsorbents.
The As(III) and As(V) removals from a concentrated solution (60 mg As per L) were studied using three kinds of adsorbents (Table 2 ). It is noticeable that the As(III) removals are nearly equal to the As(V) removals. The arsenic uptake increases in the order MF10/0-12 < MF0/10-12 < MF4/6-12, which correlates well with the order of the surface areas of the adsorbents. These results suggest that the As(III) and As(V) ions are adsorbed on the surface of the binary oxide adsorbent. 
Kinetics study
Adsorption rate is an important parameter in terms of As removal efficiency. Kinetics study of As(III) adsorption on MF6/4-12 at an initial concentration of 100 ppb (100 mg L À1 ) of arsenic stock solution has been investigated by a batch experiment. The process of As(III) removal is rapid and 5 min was required to remove 92%, and equilibrium is reached aer 120 min. As(III) adsorption kinetics tests were carried out and two conventional kinetic models (pseudo-rst-order and pseudo-second-order) were applied to analyse the experiment data.
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The pseudo-rst-order model can be described as:
where q e and q t (mg g À1 ) are the adsorbed As(III) amounts on at equilibrium and at various times t, respectively, and k 1 is the rate constant of the pseudo-rst-order model of adsorption (min À1 ), the values of q e and k 1 can be determined from the intercept and slop of the linear plot of versus t.
The pseudo-second-order model can be described as:
where q e and q t are dened as in the above pseudo-second-order model and k 2 (g (mg min) À1 ) is the rate constant of the pseudosecond-order model of adsorption, which can be obtained from the linear plot of t/q t versus t. Fig. 3 presents the result of kinetic studies. The corresponding kinetic parameters and correlation coefficients are summarized in Table 3 . The pseudo-second-order model with the correlation coefficient R 2 of 1 is found to be more suitable for tting the kinetic data than the pseudo-rst-order model with the correlation coefficient R 2 of 0.9688, suggesting that the adsorption process might be chemisorptions. The experimental adsorption capacity is also in accordance with the calculated adsorption capacity obtained from the pseudo-second-order model.
Dependence of arsenic removal on pH value of solution
The effect of solution pH on arsenic adsorptive behavior was studied using MF4/6-12. The adsorbent (25 mg) was added to As(III) or As(V) solution (2 mg L À1 , 100 mL) and stirred for 24 h at room temperature. The pH of arsenic solution was adjusted by HCl and NaOH solutions. The dependences of arsenic removals on the pH values of the solution are shown in Fig. 4 . The removals at pH < 7.5 are nearly 100% with MF4/ 6-12 for both As(III) and As(V) and they decrease with increasing pH value in the region pH > 8. The similar trends with respect to pH suggest that parts of As(III) was oxidized to As(V) by this adsorbent. Zhang et al. reported that Fe-Mn binary oxide with Mn/Fe mole ratio of 1 : 3 showed As(V) removals of nearly 100% at pH < 5.5, and the removal decreased with increasing pH value in the region pH > 6.
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Our study indicates that the MF4/6-12 should be more effective for the majority of water supplies, which normally have a pH range of 6.5-8.5.
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Lower pH is favorable for the protonation of adsorbent surface, which increases the positively charged sites on the adsorbent surface, and enlarges the attraction force between the positively charged adsorbent surface and As anions, thus increases the adsorption ability of the adsorption in the lower pH region. In higher pH region, the negatively charged sites are dominating on the adsorbent surface, which reduces adsorption ability of the As anions.
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Adsorption isotherms
Adsorption isotherms for As(III) and As(V) on MF4/6-12 are shown in Fig. 5 . The curve tting by non-linear least square method reveals that the experimental data t Langmuir equation rather than Freundlich equation. The Langmuir equation is represented as:
where C e : equilibrium arsenic concentration (mg L ). From the least square tting of experimental data, the saturation adsorption capacities (q m ) were evaluated as 50 mg g À1 for both
As(III) and As(V), and the adsorption constants (b) were evaluated as 7 and 0.7 L mg À1 for the As(III) and As(V) adsorptions, respectively (Table 4) . Since the b value reects the strength of adsorption, the larger b value for As(III) suggests that As(III) interact strongly with adsorbent compared with As(V), although the reason for the stronger adsorption of As(III) is not clear.
Effect of H 2 O 2 on the composition of Mn-Fe binary oxide
It is well known that H 2 O 2 accelerates the oxidation of Mn(II) during hydrolysis, which causes a rapid precipitation of 
As ( (Table 5 ). The MF10/0-10(H 2 O 2 ) adsorbent without Fe addition exhibits low As(III) uptake, while the Mn-Fe binary oxide adsorbents exhibit considerably high As(III) uptakes. The MF4/6-10(H 2 O 2 ) adsorbent exhibits the most . The above results reveal that the Mn-Fe binary oxides of amorphous and low-crystalline phases have high arsenic removal ability from a diluted solution.
Mechanism of arsenic adsorption
In order to clarify the adsorption mechanism, the physical and chemical analyses were carried out on the MF10/0-12, MF4/6-12 and MF0/10-12 samples before and aer As(III) and As(V) adsorptions. Adsorbents (100 mg) were added into an As(III) or As(V) solution (60 mg As per L, 100 mL) and stirred for 22 h at room temperature. The FT-IR spectra of the adsorbents before and aer the arsenic adsorption are shown in Fig. 7 . For MF0/ 10-12 with a-FeOOH phase, the vibration bands at 1040, 1320 and 1510 cm À1 corresponding to O-H bending vibration of FeO(OH) almost disappear by As(III) or As(V) adsorption. The bands at 890 and 790 cm À1 , which can be ascribed to the lattice vibration of a-FeOOH, are rarely changed by the arsenic adsorption. This result indicates that arsenic is bound to the surface OH group of a-FeOOH by a chelating reaction. 38 The bands (1500, 1340, and 1050 cm À1 ) corresponding to the vibration of surface OH group are also observed in the spectrum of MF4/6-12 although it has amorphous phase but not a-FeOOH phase. The bands disappear by the arsenic adsorption, suggesting that the OH group on the surface of binary oxide involves the arsenic adsorption similar to the case of a-FeOOH. These bands are not observed in the spectrum of MF10/0-12 with Mn 3 O 4 phase, whose FT-IR pattern does not change obviously by arsenic adsorption. The formation of OH group on the adsorbent surface is an important factor for the effective adsorption of arsenic. The change in Mn valence aer arsenic adsorption was investigated using MF4/6-12. The As(III) and As(V) uptakes are 52 and 46 mg As per g, respectively, as shown in Table 2 . The Mn valence decreased signicantly from 3.39 to 2.99 aer As(III) adsorption, suggesting that oxidation of As(III) to As(V) took place during the adsorption, accompanied by the reduction of Mn(IV) to Mn(III). The decrease of Mn valence is small (from 3.39 to 3.27) in the case of As(V) adsorption. Moore et al. and Nesbitt et al. demonstrated that the oxidation of As(III) by the synthetic birnessite surface proceeds by two step pathway (reaction (5) and (6) as follows), involving the reduction of Mn(IV) to Mn(III) and then Mn(III) to Mn(II). We can conclude from the above results that the adsorption of As(III) on binary oxide progresses via the oxidation to As(V) followed by the chelating reaction with surface OH groups. Manganese species in the binary oxide accelerates the oxidation of As(III) to As(V). Since As(III) is adsorbed aer oxidation to As(V), its adsorption site may be the same as that for As(V).
The 
Conclusions
Mn-Fe binary oxides prepared by alkaline hydrolysis of a mixed solution of Mn(NO 3 ) 3 and Fe 2 (NO 3 ) 3 show good adsorption ability for both As(III) and As(V) in a diluted solution. The binary oxide with amorphous or low-crystalline phases exhibits the high arsenic removal ability due to its large surface area. MF4/6-10(H 2 O 2 ) with a mixture of b-MnOOH and amorphous iron hydroxide exhibits the most excellent As(III) removal of 99.9% at pH < 7.5, reducing As(III) concentration to 2 mg L À1 , which clears the arsenic limit of 10 mg L À1 in drinking water by the WHO.
Manganese species in the binary oxide accelerates oxidation of As(III) to As(V), which enhances As(III) adsorption ability of the adsorbent. Iron species in the binary oxide has a role to form surface OH groups, which is an important factor for the effective adsorption of As(V) by surface chelating reaction.
